 Approximately 45 % of all exports from New Zealand are food products or by-products.
Introduction
As a country, New Zealand is a similar age to mechanical refrigeration technology and it has been argued that without mechanical refrigeration New Zealand may have become part of Australia (Copland, 1972; King, 2003) . Thanks to the successful transportation of a shipment of frozen mutton carcasses from New Zealand to the United Kingdom in 1882 farmers could sell not only the wool from sheep but also the meat, greatly increasing the financial viability of pastoral farming (Copland, 1972; Love, 2008) . Since the first successful refrigerated export of frozen meat to the United Kingdom, New Zealand's industry and economy has continued to rely heavily on the food industry (Cleland, 2009) . By the 1980s New Zealand had the largest refrigerated storage volume per capita of any country in the World. Currently, approximately 45 % of all exports from New Zealand are food products or by-products (Statistics NZ), and an estimated 60 % of these are exported in the refrigerated state (Fitzgerald et al., 2016) .
Due to its geographic isolation, New Zealand industries and exporters have been forced to experiment and innovate, with the result that many of the technologies or practices developed in New Zealand have been pioneering and have spread worldwide. In the first part of the 20 th Century, most effort tended to focus around improving reliability and energy efficiency in meat refrigeration (Cleland, 2009) . Later on, more attention was paid to how refrigeration affected meat quality, and to the design of refrigeration rooms, not only in the meat industry but for horticultural products as well, where control of the atmosphere in addition to temperature is important.
This article reviews the current status of the cold chain and cold chain-related research in New Zealand. Table 1 shows the quantities of the major food items produced in New Zealand which are likely to require refrigeration for the years 2015 and 2012 (Statistics NZ, 2016 MIA, 2015) . In total it is estimated that between 2.5 and 3.0 million tonnes of food produced annually requires refrigeration, the vast majority of which is exported. It should be noted that some annual data are prepared for years ending 31 st December, while other are for years ending 30 th June. Effort was made to use a consistent basis, however, it was not always possible to determine from the source material what specific 'year' was being referred to. In general, export information for New Zealand goods is more readily available than total production data. The total production of sheep and beef meat has been estimated from the relative weights of sheep and beef animals that are slaughtered for the local and domestic markets, from which we can estimate that between 92 % and 98 % of meat produced is exported.
Food production, imports and exports
Beef and lamb products dominate the red meat exports, with the United States, the United Kingdom and China being the three largest export markets. The majority of meat is exported frozen, but approximately 5 % of beef and 15-20 % of lamb products are exported chilled. Chilled lamb in particular is a premium product, especially in the European market, where producers can achieve the highest sales price. The recent practice by shipping liners of travelling at less than the ship's rated steaming speed ('slow steaming') has jeopardised this lucrative market (Carson, 2016) . So far exporters have been able to manage the reduction in speed from 24 knots (32 days in transit) to 18 knots (37 days in transit), any further reduction (e.g. 14 knots and 41 days in transit) could mean the European chilled lamb market is no longer viable (MIA, 2014; Carson et al., 2015) . In addition to red meat, New Zealand also produces and exports poultry products, mainly chicken pieces and chicken preparations.
Cheese and butter are the major dairy exports that require refrigeration (although milk powder is the largest dairy export product by volume). Butter is commonly stored frozen to reduce the rate of lipid oxidation that causes spoilage (Bogh-Sorenson, 2006; Nahid et al., 2008 Zealand exceed imports by more than a factor of ten. As a consequence of this imbalance, there is generally a large requirement for backhaul of empty refrigerated containers to New Zealand.
Globally the supply of reefer vessels is reducing, resulting in increased pressure to move more exports into containerised format (Dekker, 2014 , Drewry, 2016 . For the growing kiwifruit and apple industries this represents a significant challenge and additional risk to the supply chain given the known benefits to temperature control of using reefer vessels in comparison to containers (Smale, 2004; Tanner and Amos, 2002) . Additional challenges of shifting to containerisation are the increased time length of supply chains due to non-direct shipping, and potential for gas contamination (ethylene or flavour tainting) given that containers of different products may be placed adjacent to each other. Table 3 shows the energy used for refrigeration for different sectors related to food production and storage (EECA, 2016) . The largest individual sector for refrigeration usage is domestic, which is unsurprising given that the vast majority of households in New Zealand have at least one refrigerator.
Energy and refrigerant usage

Energy Usage
The retail trade sector is the second largest user.
It is interesting to note that the dairy industry uses more refrigeration energy than the meat sector, despite the fact that less than half of dairy product tonnage requires refrigeration, while the vast majority of meat products and many co-products require either chilled or frozen transportation and storage. The explanation for this observation is that substantial volumes of milk are required to be stored and transported under refrigeration prior to the start of processing at the factory, while meat products only require refrigeration post-slaughter.
Refrigerant Usage
It is estimated that between 800 and 1000 tonnes of refrigerant is imported to New Zealand annually (Tapp, 2016) , with an estimated 40 to 45 % entering pre-charged in refrigeration systems being imported (Bowen, 2016) . Due to its commitment under the Montreal Protocol, New Zealand has phased out the import of ozone-depleting refrigerants including halons ( Table 4 (Tapp, 2016) . Based in the small quantities collected in recent years, it would appear that the quantities of highly ozone-depleting CFCs (e.g. R11, R12) remaining in New Zealand are small.
Cold chain management, regulations and auditing
The New Zealand Food Safety Authority (NZFSA) within the Ministry for Primary Industries of the Government of New Zealand regulates and audits processes and procedures in the manufacture, distribution and export of food products within and from New Zealand. The implementation of the regulations along with logistical management of the cold chain is the responsibility of the food manufacturing and transportation companies. The Ministry for Primary Industries performs regular audits (at least annually, and often more frequently) to ensure compliance with the regulations.
Meat, meat preparations and meat co-products (non-seafood)
The regulations for manufacture, storage and export of meat products are covered by the New Zealand Food Safety Authority's Industry Standard/Industry Agreed Standard 6 (NZFSA, 2004) . New given air temperature, fan speed and cooling load (or alternatively against some process hygiene index measurement). The performance of carcass chillers is required to be verified not less than daily for each day they are in use.
All animals slaughtered for meat are required to be cooled within certain time constraints that vary according to the size of the animal. It is the responsibility of the processor to monitor the cooling process with temperature sensors calibrated according to NZFSA Industry Standard 8 (NZFSA, 1999).
Typically, these regulations specify a time post-slaughter for the surface of the carcass to reach 7 °C before further processing (e.g. de-boning, cutting, packaging), or 10 °C if the carcass is subsequently to be frozen, as well as maximum times allowed from time of slaughter before the product must reach its final storage and transportation temperature. In a continuous chiller, it is required that there be sufficient separation between hot carcasses entering the chiller and cold carcasses already in the chiller to prevent reheating of the cold carcass and/or condensation of moisture from the hot carcass on the cold carcass. De-boning and packaging typically occurs in rooms maintained at or below 10 °C. Processors are required to monitor microbial counts according to procedures outlined in NZFSA Industry Standard 8 (NZFSA, 1999)
The majority of meat products are exported in the frozen state, with approximately 10 % being chilled product. Chilled storage temperatures are required to be below 1 °C. Chilled product for export is held as close as possible to the initial freezing temperature of the meat (approximately -1.5 °C). At this temperature the meat is safe for about 9 -10 weeks after slaughter (Mills et al. 2014) .
Recent research has shown that initial freezing temperature is significantly dependent on meat pH, with higher pH meat having higher initial freezing temperatures (Farouk et al., 2013) . By grading meat according to its pH, storage/transportation temperatures may be optimised. Frozen product is exported at different temperatures, depending on the requirements of the importing country (OMAR, 2016) , but IS6/IA6 requires that once frozen the product temperature must not exceed -12 °C at the centre position during further processing, and must not exceed -12 °C during storage/transportation.
Offals that have been exposed to microbial populations within the animal's gastro-intestinal tract are considered high risk for contamination and are required to be handled separately from other meat products. Their temperature-time management for hygiene is covered by NZFSA Industry Standard 2 (NZFSA, 1997).
Poultry
The regulations for slaughtering, plucking, primary and secondary processing of poultry products are water/ice is to be used, with the additions of 3 -5 ppm chlorine to restrict microbial growth. The water temperature and flow rate and bird throughput and dwell time are adequate to achieve an "internal bird temperature" of 10°C or less when exiting from the immersion chiller. It is recommended that for carcasses weighing less than 2.5 kg that a minimum water flow of 1.5 litre/carcass is used, while for carcasses weighing between 2.5 and 5 kg a minimum water flow of 2.5 litre/carcass is used.
For air-chilling, air-flow rates, temperatures and humidities must be sufficient that the achieve an internal bird temperature of 10°C or less when exiting from the air chiller.
Poultry offal for human consumption must be rinsed using potable water with an antimicrobial processing aid before or during chilling, with continuous cooling to 7°C or colder within 4 hours of its removal from the bird. Chicken feet must be cooled to 10 °C within 4 hours of removal from the carcass.
During secondary processing it is recommended that processing areas be maintained at 12 °C or less (NZFSA, 2009b), and as far as possible carcass temperatures should not exceed 10 °C. The average carcass temperatures should reduced to -12 °C or colder prior to being transferred to cold storage.
Dairy products
The on-farm storage of raw milk is regulated by the Ministry for Primary Industries Code of Practice NZCP1: Design and Operation of Farm Dairies (NZFSA, 2015) . It is recommended that after milking the milk is cooled to 7 °C or below as quickly as possible. It is currently required either that milk be cooled to 18 °C at the completion of the first milking and should not rise above 13 °C in the storage tank after subsequent milkings; or alternatively, milk is to be cooled to and maintained at 7 °C or below within 3 hours of the completion of milking and kept at or below 7 °C until it is collected, or until the next milking.
From 1 st June 2018 the requirements will be for milk to be cooled to 10°C or below within four hours of the commencement of milking. It will need to be cooled to 6°C or below either within six hours from the commencement of milking, or two hours from the completion of milking, whichever is sooner. It will be required to be held at or below 6°C without freezing until collection or the next milking, and must not exceed 10°C during subsequent milkings (DairyNZ, 2016 ). Milk will not be able to be collected from a farm if it has not been maintained at or below 7 °C, unless it has been collected within 3 hours after milking.
Fruit and vegetables
Fruit and vegetables are considered less 'hazardous' than protein-rich, animal-derived foods by the New Zealand Food Safety Authority. Refrigeration guidelines are generally determined more by quality maintenance concerns than by food safety concerns, and storage and transportation temperatures tend to be product-specific (Heap, 2010) . The majority of New Zealand fruit and vegetables exported are transported in the chilled state. Industry Standard 9 (NZFSA, 2001) does require that fruits and vegetables that produce odours or respiratory gases should not be transported with animal products unless both are wrapped.
Seafood
Regulations for the processing of seafood products are provided by the Code of Practice: Processing of Seafood Products -Part 2: Good Operating Practice (MAF, 2011). Processing temperature regulations vary with fish species, and whether the fish is intended for export or consumption within New Zealand. Generally, whole fish are required to be cooled 'rapidly' to between -1 °C and +1 °C for chilled product, and not greater than -18 °C for frozen product. Shellfish that are intended for canning need not be cooled to the same extend (e.g. New Zealand abalone, 'paua' intended for canning need only be cooled to 6 °C). The storage and transportation regulations for seafood are similar to those for meat (NZFSA, 2001) . Export licensed stores are not required to make the distinction between types of product, e.g. fishmeat rather than sheep or beef meat.
Research related to the cold chain
The New Zealand Government has two corporatized research institutes ('Crown Research Institutes') with a strong emphasis on food production, processing, safety and preservation; these are University and the University of Otago have staff engaged in food-related research. Historically much of the refrigeration-related work has focussed on meat and horticultural produce, followed by dairy products and seafood industries.
Recent research initiatives related to meat products have focussed around shelf-life extension for chilled product, much of which is commercially sensitive and unpublished. Most of the recent work that has been published has investigated the effects of variations in time-temperature regimes during aging, chilling/freezing and thawing processes on meat quality (Rosenvold and Wiklund, 2011 , Kim et al., 2011 , Jacob et al., 2012 , Kim et al., 2012a , Kim et al., 2012b , Kim et al., 2013 , Farouk et al., 2014 , Choe, et al. 2015 . Modelling thermal properties of foods (including meats)
has also been investigated (Wang, et al. 2008 , Wang et al., 2009 , Wang et al., 2010 , Carson, 2015 .
The use of phase-change materials for low temperature thermal energy storage is another area of research (Oro, et al. 2012a (Oro, et al. , 2012b (Oro, et al. , 2014 , while drop-in replacements for HCFCs in on-farm milking equipment has also been investigated ).
The Centre for Postharvest and Refrigeration Research at Massey University has a strong tradition of conducting research with New Zealand's fruit export industries, and strengthening the cool chain of these industries. Foci of this research are associated with design of packaging to assist cooling and temperature control of fresh produce, (Defraeye et al., 2015; East et al., 2013b; Olatunji et al., 2016; O'Sullivan et al., 2013; O'Sullivan et al., 2016; O'Sullivan et al., 2017; , development of new methods to measure and cool chain systems (East et al., 2009; O'Sullivan et al., 2014; Redding et al., 2016; Huang et al., 2017; Olatunji et al., 2017) , measurement of real world cool chain scenarios (East et al., 2003a; Bollen et al., 2015; O'Sullivan, 2016; Shim et al., 2016; Tanner and Amos, 2002; Smale, 2004) and their subsequent influence on produce quality (East et al., 2008; Paniagua et al., 2014; East et al., 2013a; East et al., 2013c; Paniagua et al., 2012; Zhao et al., 2015) culminating in the development of mathematical models to predict fruit quality based on supply chain temperature information (Hertog et al., 2016; East, 2011) .
Another research theme is the investigation of energy efficiency improvements for industrial refrigeration systems on large processing sites East et al., 2003b; East et al., 2013c; East, 2010; Milgate, 2011 , Werner et al. 2006 ). This includes efforts to quantify energy associated with refrigerated and dry goods transport to and from New Zealand (Fitzgerald et al., 2011a; Fitzgerald et al., 2011b) . The research on developing sustainable practices for large processing sites has resulted in leading authorship for the latest ASHRAE book on the topic and conducting recent workshops in Singapore.
Case study -optimisation of kiwifruit carton design and stacking arrangement
A recent example of cold-chain research focussed on understanding and improving airflows within and around palletised kiwifruit cartons (O'Sullivan et al., 2013; O'Sullivan et al., 2016; Shim et al., 2016) . Unlike many other horticultural products kiwifruit are placed within a polyethylene bag ('polylined') prior to being placed in the carton. While there are holes to allow for airflow within the carton, there are no holes or perforations in the liner bag, and thus pockets of stagnant air are located between the fruit and the liner, comprising a significant heat transfer resistance. In this study, a 3-D computational fluid dynamics (CFD) model was developed to describe and predict the temperature profiles in and around polylined kiwifruit packages undergoing forced-air cooling. The geometrical configuration of the kiwifruit, polyliner and cardboard box were explicitly modelled. The model was quantitatively validated against experimental data and was then used to determine the optimum pallet orientation with respect to the incoming air, and the optimum air-speed in terms of energy consumption by air-circulation fans and cooling rate. The presence of the polyliner means that the maximum economic air-speed was considerably lower than would have been the case if the kiwifruit were not poly-lined.
Another outcome of the study was a proposed alternative package designed that aimed to redistribute the incoming refrigerated airflow to channel cool air through the pallet layers before directing it towards the slowest cooling packages, located at the back of the pallet (O'Sullivan et al., 2017) . Evaluating the new design at the optimal conditions for the current package showed that at constant flowrate both pressure drop and energy requirement to achieve half-cooling time (HCT)
were reduced by 24%, while improving cooling uniformity and pallet throughput per week.
Alternatively, keeping the pressure drop constant required a similar energy input, while further increasing the cooling uniformity throughout the pallet.
Conclusions
New Zealand's economy relies heavily on food exports, and due to its geographic isolation, its refrigerated exports form part of some of the longest cold chains in the world. As a consequence, New Zealand food producers and exporters have been forced to experiment and innovate in order to maintain or increase their export volumes and markets. Currently, the majority of refrigerationrelated research is focussed on the meat and horticultural products industries, with a consistent theme being the increase of storage-life via optimised chilling and freezing processes. Responsibility for temperature integrity in the cold chain is placed on the processors and exporters and is overseen by the Ministry for Primary Industry of the Government of New Zealand. 
